Traumatic lesions of the spinal cord yield a loss of supraspinal control of voluntary locomotor activity, although the spinal cord contains the necessary circuitry to generate the basic locomotor pattern. In spinal rats, this network, known as central pattern generator (CPG), was shown to be sensitive to serotonergic pharmacological stimulation. In previous works we have shown that embryonic raphe cells transplanted into the sublesional cord of adult rats can reinnervate specific targets, restore the lesion-induced increase in receptor densities of neurotransmitters, promote hindlimb weight support, and trigger a locomotor activity on a treadmill without any other pharmacological treatment or training.
Traumatic lesions of the spinal cord yield a loss of supraspinal control of voluntary locomotor activity, although the spinal cord contains the necessary circuitry to generate the basic locomotor pattern. In spinal rats, this network, known as central pattern generator (CPG), was shown to be sensitive to serotonergic pharmacological stimulation. In previous works we have shown that embryonic raphe cells transplanted into the sublesional cord of adult rats can reinnervate specific targets, restore the lesion-induced increase in receptor densities of neurotransmitters, promote hindlimb weight support, and trigger a locomotor activity on a treadmill without any other pharmacological treatment or training.
With the aim of discriminating whether the action of serotonin on CPG is associated to a specific level of the cord, we have transplanted embryonic raphe cells at two different levels of the sublesional cord (T9 and T11) and then performed analysis of the kinematic and EMG activity synchronously recorded during locomotion. Locomotor performances were correlated to the reinnervated level of the cord and compared to that of intact and transected nontransplanted animals. The movements expressed by T11 transplanted animals correspond to a well defined locomotor pattern comparable to that of the intact animals. On the contrary, T9 transplanted animals developed limited and disorganized movements as those of nontransplanted animals. The correlation of the locomotor performances with the level of reinnervation of the spinal cord suggests that serotonergic reinnervation of the L1-L2 level constitutes a key element in the genesis of this locomotor rhythmic activity. This is the first in vivo demonstration that transplanted embryonic raphe cells reinnervating a specific level of the cord activate a locomotor behavior.
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Traumatic lesions of the spinal cord yield a loss of supraspinal control of motor functions and specifically a loss of voluntary locomotor activity, although the spinal cord contains the necessary circuitry to generate the basic locomotor pattern (Grillner, 1981) . This central pattern generator (CPG) can generate the locomotor command of each muscle of the limbs, set the rhythm of locomotor cycles, and insure intralimb and interlimb muscular coordinations. The CPG is modulated by supraspinal descending inputs and sensory afferents (Rossignol et al., 1988) . After the loss of supraspinal control, there are therefore some residual motor functions that are more or less re-expressed as a function of species (Grillner, 1981; Rossignol et al., 1996; Rossignol et al., 2000) . For instance, spinal cats recuperate some spontaneous hindlimb locomotor functions (Rossignol, 1996) , whereas spinal rats only develop some uncoordinated flexion and extension movements (Yakovleff et al., 1989; Broton et al., 1996; McDonald et al., 1999) .
To improve locomotor recovery after spinal cord injury three experimental strategies have been developed (Giménez y Ribotta and Privat, 1998): (1) Neuroprotection soon after injury to reduce the progressive secondary injury processes (Pencalet et al., 1993; Gaviria et al., 2000) . (2) Promotion of axonal regeneration by trophic factors or by acting on inhibitors of the regeneration or by cell or/and gene therapy to reestablish the supraspinal inputs Iwashita et al., 1994; Giménez y Ribotta et al., 1995; Bregman et al., 1997; Grill et al., 1997; Cheng et al., 1997; Li et al., 1997; Ramón-Cueto et al., 1998) . (3) Activation of the sublesional spinal cord circuitry.
In this third strategy the approaches are directed (1) at enhancing the influence of sensory afferents on CPG, through locomotor training, De Leon et al., 1998), or/and (2) at restituting partially the missing neurotransmitters by supplying (intravenously, intraperitoneally, or intrathecally) agonists of monoamines depleted in the cord because of the lesion. This approach is founded on the role played by monoaminergic descending systems in the modulation of locomotion (Lundberg, 1966; Grillner and Dubuc, 1988; Jacobs and Fornal, 1993; Gerin and Privat, 1998) .
We have developed an original approach in a cord-transected rat model. Our purpose was to supply the sublesional spinal cord with missing monoaminergic supraspinal afferents by transplanting embryonic brainstem neurons (Privat et al., 1986 (Privat et al., , 1988 . Our previous studies have indeed shown that locus coeruleus or raphe cells transplanted in the sublesional cord can reinnervate specific targets (Privat et al., 1988; Rajaofetra et al., 1992; Gimé-nez y Ribotta et al., 1996) , restore the lesion-induced increase in receptor densities of neurotransmitters (Roudet et al., 1995) , promote hindlimb weight support, and trigger a locomotor activity on a treadmill in animals without any other pharmacological treatment or training (Yakovleff et al., 1995; Feraboli-Lohnherr et al., 1997; . This functional recovery of posture and locomotion has recently been challenged in a model of spinal rat transplanted with mice stem cells (McDonald et al., 1999) . However, only partial weight support was achieved, thus underlining the necessity of precise evaluation of locomotor behavior to claim restoration of function.
In the present study, we have transplanted embryonic raphe cells at two different levels of the sublesional cord (T9 and T11), and then performed an analysis of the kinematic and EMG activity synchronously recorded during locomotion. Finally, with the aim of discriminating whether the action of serotonin on CPG is associated to a specific and precise level of the cord, a systematic anatomofunctional correlation was established between the reinnervated level of the cord and the locomotor performance in both groups of transplanted animals compared to that of intact and transected nontransplanted animals.
MATERIALS AND METHODS
Animals. Eighteen adult female Sprague Dawley rats weighing 220 -250 gm (I FFA Credo, Arbresle, France) were divided in four groups: intact (n ϭ 3), transected (n ϭ 5), transected /transplanted at T11 (n ϭ 5), and transected /transplanted at T9 (n ϭ 5). To have similar biomechanic constraints exerted on hindlimbs at the beginning and the end of the experiment (2 months), we used only females because their initial weight was not modified over this period. Animals were cared for and surgically handled in accordance with the European Community Council Directive (24 November 1986, 86/609/ EEC).
Spinal cord transection. Animals were deeply anesthetized with Equithesin (3 mg / kg, i.p.) and underwent a laminectomy at the spinal thoracic level T8. The spinal cord and the dura were completely transected with ophthalmic microscissors. After hemostasis, the back musculature was sutured. Animals were placed in a special heated box until f ull postoperative recovery. This surgery was followed by 8 d of prophylactic antibiotic administration to prevent staphylococcic infection (Oxacillin 0.3 mg /100 gm, i.p.) and urinary infections (Gentamycine 0.2 mg /100 gm, i.p.). The bladder was emptied manually 2-3 times daily until reflex voiding was established (i.e., after ϳ10 d).
Implantation of electrodes. During the same surgery, wire electrodes were chronically and bilaterally implanted (Chau et al., 1998b) in several flexor and extensor muscles: ilio-psoas (Ip) hip flexor, semitendinous knee (St) flexor, tibialis anterior (TA) ankle flexor, vastus lateralis (V L) knee extensor, and gastrocnemius medialis (GM) ankle extensor for chronic EMG recording during treadmill locomotion.
Cell suspension. The embryonic donor tissue was taken from the same inbred strain as the host animals. Embryos were taken after laparotomy from pregnant rats at embryonic day 14 (E14). The day after mating was considered day 0. The microdissection of the tissue has been previously described in detail (König et al., 1989) . Briefly, the caudal rhombencephalon, extending from pontine flexure to the cervical end of the spinal cord and containing the B1-B3 raphe nuclei, was dissected out in HBSS (Life Technologies, Gaithersburg, MD). After mechanical dissociation by gentle pipetting in calcium /magnesium-free Puck's solution (Life Technologies), the suspension was centrif uged at 80 ϫ g for 10 min, resuspended in minimal essential culture medium (Life Technologies), and adjusted to a final concentration of 50,000 cells/l.
Graf ting. Animals were transplanted 1 week after transection following the procedure described earlier , because this period is optimal for graft development. Briefly, a second laminectomy was performed at the T9 or at the T11 spinal level, and 4 l of the cell suspension was injected into the spinal cord (1 mm below the pial surface) with a metallic needle (0.4 mm diameter) connected to a Hamilton microsyringe. The needle was withdrawn 2 min after the end of the injection to avoid suspension reflux. The musculature was then sutured, and the animals were treated as described above.
Kinematic and EMG analysis. After a survival of 2 months the animals were submitted to a kinematic and EMG analysis. Six light-reflecting spots (3 M material) were glued on the joints of animals ( Fig. 1 A) , and movements during treadmill locomotion (speed, 0.1 or 0.2 m/sec) were recorded on video using a video camera with an electronic shutter (1/1000 sec). The EMG signals were synchronously recorded on a 14 channel analog Honeywell recorder at 13.75 cm/sec, which gave a frequency response of 1250 Hz. A Standard Motion Picture and Television Engineering (SMPTE) time code was simultaneously recorded on the analog and video tapes for off-line synchronization of kinematic and EMG data.
For kinematic analysis, a field by field analysis (60 fields/sec) giving a 16.6 msec resolution between frames was performed on selected video sequences using a Peak Performance System two-dimensional analysis system for detecting the x-y coordinates of the light reflecting spots (Fig.  1 A) . These coordinates were then used to reconstruct the movements in the form of stick diagrams ( Fig. 2 A,D) or angular joint displacements ( Fig. 2 B,E) .
Retransection of the spinal cord. After analysis of the locomotor performance, two transected /transplanted in T11 animals underwent a second cord transection at the same T8 level, to eliminate any possible influence of supraspinal regenerating axons on the locomotor activity. Their locomotor movements were again documented after this second transection.
Immunohistochemistr y. After the kinematic and EMG analysis, animals were anesthetized with sodium pentobarbital (50 mg /ml) and intracardially perf used with 5% glutaraldehyde in 50 mM sodium metabisulphite/50 mM cacodylate buffer, pH 7.5. Spinal cords were removed and post-fixed in the same fixative for 24 hr at 4°C. The cord was dissected, and serial transverse vibratome sections (50 m) were performed throughout the graft and at L1-L2 level. L ongitudinal sections from spinal cord segments between graft and L1-L2 levels were also performed to evaluate the decreased reinnervation from the transplantation site. Then, all sections were processed for serotonin (5-HT) immunodetection. After treatment with trypsin-EDTA (0.25%; Life Technologies) for 5 min and 10 mM sodium borohydride for 10 min, sections were successively incubated with a rabbit polyclonal antibody against 5-HT (1:10,000; kindly provided by Dr. Geffard) with 1% nonspecific goat serum in Tris-sodium metabisulfite buffer for 48 hr at 4°C. After rinses in 50 mM Tris-saline buffer, pH 7.5, sections were successively incubated in goat anti-rabbit antiserum and rabbit peroxidase antiperoxidase, both diluted 1:100 in Tris saline buffer containing 1% nonspecific goat serum for 30 min at room temperature. Immunoreactivity was revealed with 0.1% 3,3Ј-diaminobenzidine in the presence of the H 2 O 2 .
RESULTS

Kinematic and EMG analysis
To compare locomotor performance of different groups of animals to a reference activity, locomotor movements of the hindlimbs of intact animals were analyzed. A sequence of five frames taken from a step cycle of an animal walking at 0.1 m/sec is illustrated in Figure 1 A. The tail of the animal was lightly held to help maintain a constant speed and provide the same sensory stimulus as was performed for all animal groups. The kinematic and EMG analyses are shown in Figure 2 A-C to compare with T11 transplanted animals in Figure 2 
D-F.
All the transected nontransplanted animals (three of three) moved their forelimbs, whereas their hindquarters dragged along the ground with the joints in extension. Some flexion and extension movements were occasionally developed and often alternated in both hindlimbs. Tail pinching and movement of the treadmill elicited rare and weak movements limited to proximal joints without rhythmic activity, as shown in the sequence of frames of Figure 1 B. Such sequences were not further analyzed.
All the T11 transplanted animals were able to stand up supporting their body weight and to walk on the treadmill with tail pinching. Locomotor movements of the hindlimbs globally resembled those of intact animals (Fig. 1, compare A, C) as is also illustrated by stick diagrams (Fig. 2 A,D) . Despite a more crouched posture, animals performed several complete step cycles with an appropriate swing, bringing the foot slightly in front of the hip and making a plantar foot contact for the rest of the stance phase until the next swing. The locomotor sequences elicited by tail stimulation lasted as long as the stimulation (routinely ϳ20 sec corresponding to 20 -30 successive step cycles). In absence of tail stimulation, the animals appeared unable to raise spontaneously their hindquarters and were lying on one side. In that case, treadmill stimulation could evoke some alternated movements in hindlimbs without proper foot contact with the ground. When placed on the treadmill in a convenient posture for locomotion by the experimenter, these T11 transplanted animals could stand up on their hindlimbs. However, this posture could not be maintained for more than few seconds (3-5) without help, stressing the fact that the control of balance in hindlimbs remained largely impaired, in accordance with the fact that the spinal cord remained disconnected from supraspinal structures despite the transplantation (see below, the effects of retransection of the spinal cord).
We performed a detailed comparative kinematic and EMG analysis between intact and T11 transplanted animals as illustrated in Figure 2 in two examples representative of all the animals of each group. During the swing phase, intact animals showed a coordinated ankle, knee, and hip flexion that elevates the foot to bring it upward and forward ( Fig. 2 A) , exhibiting characteristic angular excursions (Fig. 2 B) . In T11 transplanted animals the foot was not brought forward as much as in intact animals ( Fig. 2 D) because the angular range was biased toward extension (Fig. 2 E) . Probably as a consequence of changes in biomechanical constraints linked to this overextension, the angular traces showed less yield of the knee and ankle after foot contact than in intact animals. However, the gradual extension of the ankle joint observed in the stick diagram (Fig. 2 D) indicated that the limb is not simply dragged backward by the treadmill, but that the foot actively pushes against ground. The corresponding synchronized EMG pattern showed, in intact animals, discharges of iIp, iSt, and iTA during the swing phase and that of iVL and iGM during stance phase (Fig. 2C) . The contralateral St (coSt) also discharged during the ipsilateral stance, indicating a good alternation between limbs (Fig. 2C) . In T11 transplanted animals the EMG pattern was not very different from that observed in intact animals (Fig. 2, compare C, F ) . However, two slight differences were observed in proximal muscles. First, the bursting in flexor muscles iIP and iSt appeared sometimes less well shaped in T11 transplanted animals compared to intact animals (Fig. 2 F) . This deficit in flexor activity could account for the general overextended position of the limb. Second, some extra bursts could be observed in the knee extensor muscle (VL) during the swing phase which could contribute, together with the overextended position of the limb, to the diminution of the yield.
The relationship between the burst duration of the flexor TA and the extensor GM is illustrated as a function of cycle duration (Fig. 3) . For intact animals (Fig. 3A) , which could maintain a regular locomotor rhythm, the treadmill speed was varied from 0.1 to 0.5 m/sec to record the EMG activity and the movement for various step cycle durations. In transplanted walking animals, flexor muscles discharged a burst of relatively fixed duration during swing phase, whereas the burst of extensor muscle during stance phase varied with the cycle duration, discharging for longer periods at lower speeds when cycle durations are longer; the same has been shown in intact rats in this study as well as by others (Gruner and Altman, 1980; Nicolopoulos-Stournaras and Iles, 1984) , and also in intact cats (Grillner, 1981) , suggesting that transplanted animals can reexpress a locomotor pattern with a structure similar to that of the intact animals. After a second transection at T8, the T11 transplanted animals maintained their locomotor performance as before, and this is illustrated in Figure 1 D. T9 transplanted animals did not stand up, and, as nontransplanted animals, were unable to support the hindquarters. The feet dragged on the treadmill belt with all the hindlimb joints in extension. With tail stimulation, some small ankle movements were occasionally generated alternating in both hindlimbs, but angular excursions were very limited, remaining almost always in the extension range (Fig. 1 E) . Angle variations of the toes were out of phase with proximal joints, probably because these movements were passive. Rhythmic movements and their correlative EMG patterns were so disorganized that they could not be averaged, and consequently, they are not illustrated. A struggling reaction could also be elicited by pinching the toes (Pearson and Rossignol, 1991) .
Immunohistochemical analysis
The kinematic and EMG analyses were correlated with a blind postmortem immunohistochemical study of the 5-HT reinnervation in the sublesional spinal cord.
As previously reported (Björklund and Skagerberg, 1982) , in transected nontransplanted animals, the spinal cord at sublesional level was totally devoid of 5-HT immunoreactivity, as expected from the degeneration of all descending inputs, whereas above the section the 5-HT innervation pattern remained similar to that of intact animals, i.e., 5-HT immunoreactivity was distributed in the main target regions, the dorsal horn, the intermediolateral column, the ventral horn around motoneurons, and in proximity of the central canal.
In T11 transplanted animals, 2 months after grafting, the spinal cord exhibited a transplant usually located close to the midline with many 5-HT-immunoreactive perikarya (Fig. 4 B) . In the transplants, serotonergic neurons represented ϳ2-4% of transplanted cells, and their rate of survival appears superior to the mean survival of transplanted cells (Privat et al., 1988 ). An extensive network of immunoreactive varicose processes was developed from the transplant which extended out in all directions, occasionally crossed the midline, reinnervating specific targets. On longitudinal sections, 5-HT-immunoreactive fibers with abundant varicosities were observed running longitudinally and extending rostrally and caudally close to the central canal. Thin fibers were also observed distributed in the intermediolateral column, some of them crossing perpendicularly toward the central canal. Moreover, in the ventral horn a preferential 5-HT innervation was observed around motoneurons. This innervation became gradually sparser at increasing distance from the area of the transplant, but was well detectable up to L1-L2 level (8 mm caudally to the transplant) (Fig. 4C) . Some 5-HT fibers were also occasionally detected in the white matter.
In T9 transplanted animals, 2 months after grafting, the spinal cord exhibited, as in T11 animals, a well developed transplant with many 5-HT-immunoreactive perikarya. Grafted neurons gave rise to an extensive network of immunoreactive fibers (Fig.  4 E) , which bilaterally reinnervated specific targets. Longitudinal sections showed numerous 5-HT fibers from the transplant, which extended rostrally and caudally, and some of them crossed perpendicularly toward the central canal. Again, the reinnervation of the ventral horn showed a preferential concentration around of motoneurons. This innervation became gradually sparser at some distance from the transplant, and scarcely reached the T13 level. An important difference with T11 transplanted animals is that no 5-HT fibers were detected at the L1-L2 levels in T9 transplanted animals (Fig. 4 F) .
DISCUSSION
This study demonstrates that kinematic and EMG patterns of the movement expressed by T11 transplanted animals correspond, contrary to those of T9 transplanted animals, to a well defined locomotor pattern comparable to that of the intact animals. Moreover, the correlation of the locomotor performance with the level of reinnervation of the spinal cord allows to suggest that 5-HT reinnervation of the upper lumbar segments (namely L1-L2) constitutes a key element for the expression of the locomotor rhythmic activity. This is the first in vivo demonstration that transplanted embryonic raphe cells to the spinal cord reinnervating a specific level can promote the locomotor activity in adult spinal rats. At present, the generation of locomotion within the spinal cord by a specialized network, the so-called CPG, is clearly established (Grillner, 1981; Rossignol, 1996) . In the absence of supraspinal descending inputs, this circuitry becomes ineffective, especially when there is insufficient activation by peripheral afferent inputs. Although supraspinal descending sensory stimulation and treadmill training pathways appear to contribute to plastic mechanisms yielding to the recovery of some parameters of locomotion in spinal cats Beattie et al., 1993; Helgren and Goldberger, 1993; Rossignol et al., 1996; De Leon et al., 1998) , such a recovery appears absent in rats (Yakovleff et al., 1995; Broton et al., 1996; McDonald et al., 1999) . Adult spinal rats maintain the hindlimbs passively extended and can only develop some nonlocomotor rhythmic activities such as air stepping (Meisel and Rakerd, 1982) , fictive paw-shaking (Yakovleff et al., 1995) , or some other more disorganized movements (FeraboliLohnherr et al., 1997 ).
An approach designed to activate the CPG has been to supply the sublesional cord with missing monoaminergic descending afferents either by pharmacotherapy (Chau et al., 1998a) or by using a strategy of transplantation with embryonic brainstem neurons (Privat et al., 1988) .
Pharmacological treatments with monoaminergic agonists can trigger locomotor activity in chronic spinal cats for a few hours (Barbeau and Rossignol, 1991) . Noradrenergic agonists can initiate locomotion and markedly increase the step cycle and flexor muscle duration (Chau et al., 1998b) , whereas serotonergic agonists increase the duration and the amplitude of both flexor and extensor EMGs Rossignol, 1990, 1991) . Pharmacological treatments have also been combined together with locomotor training to enhance the recovery of locomotion in spinal cats (Rossignol et al., 1986 (Rossignol et al., , 2000 .
In the present study we used a previously described strategy of transplantation aimed at permanently supplying the sublesional spinal cord with the missing neurotransmitters (Privat et al., 1988) . After the complete transection of the thoracic spinal cord, the sublesional cord is totally devoid of supraspinal descending monoaminergic systems (Haggendal and Dahlstrom, 1973; Magnusson, 1973) . This constitutes an optimal environment for analyzing the influence of transplanted serotonergic raphe cells at two different levels on locomotor activity. The modulatory role of serotonin in setting the level of excitability appropriate for CPG function has been demonstrated during treadmill-induced locomotion in spinal cats (Barbeau and Rossignol, 1991) , but also during undisturbed locomotion by electrophysiological analysis of serotonergic neurons (Jacobs and Fornal, 1993) or by direct evaluation of the release of serotonin in running rats permanently implanted with microdialysis probes (Gerin et al., 1995) . Furthermore, the stimulation of the CPG by serotonin has been widely documented in an in vitro spinal cord preparation of neonate rats (Cazalets et al., 1992) . This role of serotonin, facilitator of motor output, is also supported by its extensive plasticity after modifications of targets (Marlier et al., 1991a (Marlier et al., ,b, 1992 Poulat et al., 1992) .
The present anatomical results confirm our previous studies using the same paradigm. Transplanted serotonergic neurons specifically reinnervated the main target areas in the sublesional cord with an innervation pattern similar to that of intact animals (Privat et al., 1988; Rajaofetra et al., 1992; Yakovleff et al., 1995; Feraboli-Lohnherr et al., 1997; Dumoulin et al., 2000) , independently of the transplanted level. Kinematic and EMG analysis were mandatory to discriminate between uncoordinated movements and genuine locomotion, characterized by correlated burst discharges with angular excursions of movements. Such a correlation has never been yet performed in adult rats using this paradigm. Indeed in their most recent report, McDonald et al. (1999) describe a functional recovery after partial lesion and transplantation of stem cells, which is only based on a 2 point recovery on the BBB score. This cannot be taken as a significant landmark of locomotion. In our experiments, first, the posture adopted by T11 transplanted animals demonstrated bilateral foot placement on the plantar surface and their ability to support the body weight, contrasting with T9 animals, which resembled, in that respect, to transected nontransplanted animals. Second, a rhythmic activity with cycle duration within locomotor range was induced in T11 animals, without any pharmacological treatment or training. This was altogether absent in T9 animals, which again resembled more the transected and nontransplanted animals. Third, coordinated bursts of flexor and extensor muscles were respectively produced during the swing and stance phases, which allowed to move the foot upward and forward, alternating with bursts of homologous contralateral limb muscles. These results, supplemented now by a correlative kinematic analysis, confirm again our previous EMG studies using the same paradigm (Yakovleff et al., 1995; FeraboliLohnherr et al., 1997) .
However, interestingly, the present study demonstrates that transplanted animals can exhibit also a nonlocomotor rhythmic activity with invariable burst durations and limited movements, if the reinnervated level of the cord is not appropriate. In T9 animals, serotonergic reinnervation pattern did not proceed below T13 cord level, whereas serotonergic fibers reached L1-L2 level in T11 animals. This suggests that reinnervated L1-L2 segments play a specific role in the nervous control of locomotion compared to more rostral segments. This point is particularly interesting, because a similar hypothesis has already been suggested in an in vitro model of neonatal rats (Cazalets et al., 1995) . This also provides further support to the notion that the upper lumbar segments are more excitable and can lead locomotion (Kjaerulff and Kiehn, 1996) . However, the activation of lower thoracic segments does not appear sufficient, and the activation of upper lumbar spinal cord (L1-L2) at least is necessary to induce locomotion. The activating role of transplanted serotonergic neurons in this locomotor behavior has been previously demonstrated (Feraboli-Lohnherr et al., 1997) . Recent studies (J. R. Cazalets, personal communication) suggest that a locomotor pattern can be evoked from lower lumbar/sacral level, but under the control of upper lumbar cord.
Other studies have shown restoration of some aspects of locomotion in spinal transplanted rats. These studies aimed, however, at reconnecting the two stumps of the cord after injury by transplantation, at the injury site, of embryonic spinal cord, peripheral nerves, or particular glial cells as well as other genetically modified cells (Kunkel-Bagden and Bregman, 1990; Iwashita et al., 1994; Cheng et al., 1997; Grill et al., 1997; Li et al., 1997; Ramón-Cueto et al., 1998; Chauvet et al., 1998; Prieto et al., 2000) . In most of these studies, an important serotonergic regen-eration was observed, probably because of the high plasticity of this descending system (Marlier et al., 1991a Poulat et al., 1992) favored by trophic factors derived or synthesized by the transplants or by providing permissive molecules to regenerating fibers. In any case, intrinsic circuits to the sublesional spinal cord are rarely taken in consideration for the recovery of function, and are as important as the factors provided by the transplants. Similarly, the restoration of locomotion is based on improvement of composite scores, which do not explore specifically the landmarks of locomotion exemplified in the present study. Thus, in the latter, the possibility of regenerating descending axons was eliminated after retransection of the cord in two T11 animals. The unaltered locomotor performance after retransection clearly indicates that the locomotor activity observed in our transplanted animals is attributable to the activation of lumbar spinal cord by serotonergic transplants.
A recent study in transected neonatal rats (Kim et al., 1999 ) that were transplanted, at the injury site, with embryonic spinal cord, then trained and pharmacologically treated with serotonergic agonists, has shown that these drugs improved significantly the motor performance of transplanted animals, and surprisingly, not of spinal rats. These results are at variance with our and other's results in adult spinal rats without any training (Barbeau and Bédard, 1981; Feraboli-Lohnherr et al., 1999) or cats (Barbeau and Rossignol, 1990) . The authors suggested a permissive influence of the transplant on the action of serotonergic drugs and an interaction between both of influences in the remodeling of the circuitry. Although transected neonatal rats are known to exhibit a better transplant-mediated recovery of function than adult animals (Bregman, 1994) , the modest serotonergic reinnervation observed in the latter experiment was not responsible for the restoration of motor function as ascertained by the lack of influence for reuptake inhibitors of serotonin. Moreover, the kinematic analysis in that study showed a large variability of patterns. Serotonergic agonists appeared to improve the motor performance in all animals; some spinal animals were comparable to the best transplanted animal, before agonist treatment. Finally, some transplanted animals exhibited no locomotor movement before drug treatment as do spinal animals (Kim et al., 1999) .
In summary, our results demonstrate that serotonergic neurons transplanted in the spinal cord of adult rats, totally devoid of supraspinal descending inputs, are able to activate when they reinnervate a specific and precise level of the cord, the circuitry responsible for spinal pattern generation in adult paraplegic rats without any pharmacological treatment or training. Our hypothesis is that this precise serotonergic reinnervation in sublesional cord can provide an adequate supply of neurotransmitter in a specific site of the spinal cord, capable of activating the CPG and triggering a locomotor activity. These findings constitute the first step toward a reasoned transplantation strategy in spinal cordinjured patients.
